A new method to measure intracellular volume in Dunaliella was developed, where lithium ions are used as monitors of the extracellular volume. Li' is shown to be impenetrable to the intracellular volume, insignificantly adsorbed to the algae, and is rapidly and evenly distributed within the extracellular volume. The method is suggested to be free of several limitations and consistent errors present in several previously employed techniques.
. Most of the intracellular osmotic pressure is provided by glycerol whose intracellular concentration is proportional to the extracellular NaCl concentration (6) . It is generally agreed that the intracellular NaCl concentration is considerably lower than the extracellular one when the algae are grown at the higher NaCl concentration range. This is also in agreement with the relatively high salt sensitivity of most of the intracellular enzymes of Dunaliella (2, 8, 12) . However, the contribution of the intracellular NaCl to the osmotic pressure has been a subject of wide disagreement. Thus, Gimmler and Schirling (11) have concluded that in algae grown between 0.75 to 1.5 M NaCl about half of the intracellular osmotic pressure is due to NaCl, and a similar conclusion was recently drawn by Zmiri and Ginzburg (17) for algae grown at 1.5 M NaCl utilizing a different measuring technique. On the other hand, Ben-Amotz and Avron (2) and Borowitzka and Brown (8) reported very low intracellular NaCl concentrations, accounting for no more than one-tenth of the total osmotic pressure for algae grown at 1.5 M NaCl. Recently, Ehrenfeld and Cousin (9, 10) determined for cells grown at 1.64 M NaCl intracellular sodium concentrations varying from less than 10 mm to around 300 mm, depending on the technique employed.
We believe that the large variability in the reported values for the intracellular sodium content of Dunaliella are due mostly to consistent errors introduced by some of the methodologies employed to determine intracellular volume. Such errors fall into several categories: (a) The use of a bulky monitor for the determination of the extracellular space, such as inulin or dextran (9, 10, 17) . This results in an underestimation of that space, and so an overestimation of the intracellular sodium content (see Rotenberg et al. [14] Determination of Cell Volume and Na+ Concentrations. All operations were performed at 0 to 4°C. Algae from the midlogarithmic phase were concentrated by centrifugation at 2,000g for 5 min to a suspension of~2.107 cells/ml (~100 ml) and mixed gently for 15 min. LiCl (to 50 mM) and 3H20 (to 1. I07 dpm/ml) were added and the suspension mixed for 10 min. Cell number was determined for each sample in a Coulter Counter. The suspension was divided into three tubes and centrifuged at 2,000g for 10 min. The supernatant was completely removed and kept (SUP-I). The algal pellet in each tube was diluted 1:50 with cold water, mixed well, and allowed to stand for 30 min followed by centrifugation at 23,000g for 15 min. The supernatant was kept (SUP-II). SUP-I and SUP-II were diluted as required for determination of tritium by scintillation counting; and of Li' and Na+ by flame photometry.
Assuming that 3H20 is distributed equally throughout the suspension and Li' only in the extracellular space, the algal volume and Na+ concentration were calculated as shown in Table I .
Osmotic Shock. In experiments where an osmotic shock under nonmetabolic conditions (at 0C) was applied, the algae suspension was concentrated, resuspended at 0°C in different salt concentrations, mixed 15 min for equilibration, LiCl added, and the procedure followed as usual.
In experiments where an osmotic shock under metabolic conditions was applied, the algae suspension was mixed with growth medium containing different salt concentration to provide the desired final salt concentration and incubated for the time indicated under growth conditions. Samples were removed at the specified times, cooled, and assayed as described.
RESULTS
Evaluation of the Method. Several ions were tested as possible monitors for the extracellular volume in the algal pellet, and compared with "C sorbitol. As can be seen in Table II If Li' penetrated into the intracellular volume it would be expected that the determined algal fractional volume would decrease with time of incubation with Li'. As can be seen in Table IV In both algae, and independent of the salt concentration in the medium, the determined intracellular sodium concentration was low, in the range of 0 to 150 mM. Due to the relatively large error in the determined values of the intracellular Na+ content (which is inherent in this type of method, when the intracellular concentration is much lower than the extracellular one), it is difficult to assign a more precise value to the intracellular Na+ concentration. Nevertheless, the data clearly indicate that it could not exceed 200 mm, and is most probably below 100 mM.
The Osmotic Space of Dunaliella Because of the lack of a cell-wall in Dunaliella, it is expected to respond osmotically as a perfect osmometer, i.e. the cell osmotic volume should be directly proportional to the inverse of the osmotic pressure under nonmetabolic conditions. As can be seen in Figure 1 , this indeed seems to be the case for algae exposed to a hyperosmotic shock. Extrapolation to infinite osmolarity provides a measure of the nonosmotic volume of the cells. The figure indicates that about 10% of the total cell volume is accounted for by the nonosmotic space, i.e. 90% of the determined algal volume is the effective osmotic volume. Similar data were obtained when a hypoosmotic shock was applied to algae grown at 3 M NaCl (not shown).
Changes in Cell Volume and Glycerol Content following Hypertonic Shock. When Dunaliella cells are exposed to a hyperosmotic shock under metabolic conditions they rapidly shrink due to water efflux from the cell and then slowly return to their original volume by accumulating intracellular glycerol (6) . As can be seen in Figure 2 , the change in volume followed by our technique indeed corresponds to expectation: for 0.5 --+1 transition the volume decreased to about 58% ofthe initial value, while for 0.5 -. 1.5 M the volume decreased to about 37%. The change in glycerol content measured in parallel corresponded to the kinetics of the cell volume recovery. Within the accuracy of the method, no changes in the intracellular Na+ concentration were observed during the osmoregulatory process (not shown). [11] ); (c) no change occurs in the osmotic pressure to which the cells are exposed during the procedure; (d) relatively large amounts of cells are employed which minimizes statistical errors; (e) both Li' and Na+ are measured by the same technique (flame-photometry) and from the same solution.
The results indicate that Dunaliella cells attempt to maintain a constant osmotic volume independent of the osmotic pressure to which they are exposed. Under the growth conditions employed in this investigation that volume is around 90-fl/cell for D. salina and 600 fl/cell for D. bardawil. These volumes are of the same order of magnitude as previously estimated from microscopic observations (5). As is classically accepted, we have used throughout this manuscript the term 'cell-volume' to refer to the cellular volume determined by this type of technique which utilizes 3H120 to measure the total cell volume. It should, however, be pointed out that the technique in effect measures the cell-water-volume. This introduces a significant error in extreme cases, like ours, where in algae grown in media containing high NaCl concentrations glycerol, rather than water, occupies a significant fraction of the cell volume. Nevertheless, because of the rapid equilibrium between water protons and the three protons of the glycerol hydroxyls (16) this error is, in most cases, relatively small. To take an extreme example, a Dunaliella cell grown at high salinity (around 4 M NaCl) contains about half of its cell weight as glycerol (5) . Assuming that the cell weighs 100 pg, and that the rest of the cell is essentially water, the 50 pg of water will occupy 50 fl and the 50 pg of glycerol will occupy 50 x 0.77 = 38.5 fl (15) . The true cell volume will thus be 88.5 fl. However, in the radioactive assay based on tritiated water, the 50 pg of water will be translated indeed to 50 fl, but the 50 pg of glycerol will be translated to only 14.7 fl (50 x 3 x 1000/92 x 2 x 55.6). Thus the determined cell-volume will be 64.7 fl instead of 88.5 fl, an underestimate by 27%. The underestimate will, of course, be smaller the lower the salt concentration (and thus the intracellular glycerol concentration) under which the algae were cultivated.
Intracellular sodium concentrations of Dunaliella as determined by this technique were below 100 mM for algae grown on 0.5 to 4 M NaCl. Also, during the osmoregulatory process the intracellular sodium concentration does not seem to exceed this value. Thus, intracellular NaCl can be concluded to be a minor contributor to the overall intracellular osmotic pressure under these conditions. On the basis of the different cellular volumes, as determined by different techniques, some authors (9, 17, 18) have suggested the existence of two compartments within the cell of Dunaliella, one which is fully equilibrated with the extracellular medium and thus contains high NaCl concentrations, and another from which NaCl is largely excluded. We believe that a more likely explanation of the larger cell-volume determinations rests with an overestimation, mostly due to methodologies which use extracellular probes which do not fully equilibrate within the extracellular space. This may be related to the existence around Dunaliella cells of a so-called 'surface-coat' consisting mostly of glycoproteins which extend into the medium beyond the cytoplasmic membrane (13) . We suggest that the true volume of the cell is the smaller cell volume, as determined by our procedure utilizing Li' as the extracellular probe, by the procedure of Ehrenfeld and Cousin (9) utilizing ['4C]sorbitol as the extracellular probe, or by the procedure of Zmiri et al. (18) using an electrical sizing technique. Supporting evidence for this conclusion comes from the observations that the activity of almost all the cellular enzymes tested are severely inhibited by high salt concentrations (12) , and that the intracellular glycerol concentration, when calculated using the smaller determined volume, is almost isoosmotic with the extracellular salt concentration (1) .
LITERATURE CITED
